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Simple Summary: Incidence of biliary tract cancer is increasing, and patients are frequently diagnosed
with unresectable or metastatic disease, when therapeutic options are limited. Due to these reasons,
prognosis remains poor and new systemic treatment options are urgently needed. This article reviews
the new available data on molecular heterogeneity of biliary tract cancer and especially intrahepatic
cholangiocarcinoma and the novel therapeutic strategies offered by the improved knowledge of
the biology of this disease. For these reasons, this topic is of relevant interest for the oncology and
hepatology community.

Abstract: Most patients with biliary tract cancer (BTC) are diagnosed with advanced disease,
relapse rates are high in those undergoing surgery and prognosis remains poor, while the incidence
is increasing. Treatment options are limited, and chemotherapy is still the standard of care in
both adjuvant and advanced disease setting. In recent years, different subtypes of BTC have
been defined depending on the anatomical location and genetic and/or epigenetic aberrations.
Especially for intrahepatic cholangiocarcinoma (iCCA) novel therapeutic targets have been identified,
including fibroblast growth factor receptor 2 gene fusions and isocitrate dehydrogenase 1 and
2 mutations, with molecularly targeted agents having shown evidence of activity in this subgroup
of patients. Additionally, other pathways are being evaluated in both iCCA and other subtypes of
BTC, alongside targeting of the immune microenvironment. The growing knowledge of BTC biology
and molecular heterogeneity has paved the way for the development of new therapeutic approaches
that will completely change the treatment paradigm for this disease in the near future. This review
provides an overview of the molecular heterogeneity of BTC and summarizes new targets and
emerging therapies in development. We also discuss resistance mechanisms, open issues, and future
perspectives in the management of BTC.
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1. Introduction

Biliary tract cancers (BTC) represent a heterogeneous group of cancers arising from the bile
ducts. Based on anatomical location, BTC are classified into intrahepatic cholangiocarcinoma (iCCA),
perihilar CCA (pCCA), distal CCA (dCCA), and gallbladder cancer (GBC) [1]. They represent 3%
of all gastrointestinal neoplasms in adults, the most frequent anatomic subtype originates from the
extrahepatic biliary tract [2], but their incidence is increasing worldwide, mainly due to iCCA [3-5],
which is the second most common type of primary liver cancer, responsible for 20% of liver-related
deaths [6]. Anatomic subtypes have different risk factors, clinical presentations, molecular alterations,
and prognosis [7-9]. Risk factors for iCCA include primary sclerosing cholangitis, Caroli’s disease,
lithiasis, liver flukes, viral hepatitis, cirrhosis, obesity, and diabetes [7,10,11]. Given the increasing
incidence and prevalence of metabolic syndrome, it is estimated that also the incidence of iCCA will
increase in the coming years, [12,13]. However, about 50% of cases have no identifiable risk factors
and there are no clinically applicable biomarkers for early diagnosis. As a result, BTCs are frequently
diagnosed at an advanced stage when treatment options are limited and prognosis remains poor with
a 5-year survival of about 5-15% [14,15]. Furthermore, up to 20% of cancers of unknown primary site
can be reconducted to a biliary tract origin based on the molecular profile, further highlighting the
challenges of an early diagnosis [16].

In the adjuvant setting, a benefit in relapse-free survival and overall survival (OS) has been shown
with capecitabine compared to observation in the randomized phase III BILCAP trial [17] and this
treatment has been included in international guidelines, as well as radiation therapy for patients
with extrahepatic cholangiocarcinoma (eCCA) or GBC and a microscopically positive surgical margin
resection (R1 resection) [18]. In advanced disease, the combination of cisplatin and gemcitabine still
remains the only standard first-line treatment option based on the positive results of the phase III
ABC-02 study reported a decade ago [19-21]. Recently, the phase III ABC-06 study demonstrated
the advantage of modified FOLFOX (5-fluorouracil, folinic acid, oxaliplatin) as a second-line therapy
compared to active symptom control [22] (Figure 1).
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Figure 1. Schematic representation of the anatomic site, demographic information, and treatment
options for biliary tract cancers (BTC). Abbreviations: dCCA: Distal cholangiocarcinoma (CCA);
GBC: Gallbladder cancer; iCCA: Intrahepatic cholangiocarcinoma; pCCA: Perihilar CCA.
From Malenica, I. et al. Cancers (Basel) 2020 [23].

Considering this scenario, a better understanding of BTC characteristics, pathogenesis,
and molecular heterogeneity is urgently needed to develop strategies for early diagnosis, identify new
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biomarkers, and define new patient-tailored therapeutic approaches with the overarching aim of
improving patient outcomes [24-28]. In particular, the BTC phenotype is related to the genetic and
epigenetic alterations in tumor cells and is also influenced by the molecular cross-talk between the
neoplastic cells and the surrounding microenvironment [1,11]. New molecular alterations have been
identified in BTC by recent genetic studies, which have provided new insights into the pathogenic
mechanisms of this disease and the signaling pathways that drive its progression. In particular, a large
comprehensive study on the molecular profile of BTC has shown that nearly 40% of the patients
have potentially targetable genetic alterations [8] also showing clear differences between the different
subtypes of BTC. The paradigm shift towards a personalized molecular therapy opened up new options
and brought new hope for patients with BTC. Importantly, the emergence of targeted therapies is
rapidly changing the treatment approach for BTC, especially for iCCA. Recent positive phase II and III
trials of new targeted therapies [29-32] have been published and the United States Food and Drug
Administration (FDA) has approved pemigatinib, a fibroblast growth factor receptor (FGFR) inhibitor,
for patients with advanced BTC with FGFR2 gene fusions, previously treated with the standard of care,
making pemigatinib the first targeted agent approved for patients with BTC [30]. However, genetic or
epigenetic aberrations have only been identified in small subgroups, and precision medicine remains
an important unmet need for most of the patients with advanced BTC [15]. For all these reasons,
patients with BTC should be evaluated in referral centers where dedicated multidisciplinary teams
along with a strong collaboration between researchers and clinicians enable them to receive optimal
care, have access to ongoing clinical trials and ultimately improve their prognosis [15,33].

In this review, we will provide a comprehensive overview of how the molecular heterogeneity
of BTC is rapidly reshaping the therapeutic landscape in this therapeutically deprived disease area,
focusing in particular on patients with advanced disease. Immunological characterization of BTC and
potential immunotherapeutic strategies have been reviewed elsewhere [1].

2. Genomic Heterogeneity of BTC

In-depth sequencing of BTC has highlighted the genomic complexity of cholangiocarcinoma
(CCA), and importantly, the fact that genetic driver mutations vary between different subtypes of
CCA [15] (Figure 2).
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Figure 2. Schematic overview of therapeutically actionable drivers in biliary tract cancers. Abbreviations:

15-20%

FGFR2: Fibroblast growth factor receptor 2; HER2: Human epidermal growth factor receptor 2;
IDH1: Isocitrate dehydrogenase 1; NTRK: Neurotrophic tyrosine receptor kinase; MMR: mismatch
repair deficiency. Reproduced with permission from Elsevier, from Lamarca, A. etal. J. Hepatol. 2020 [15].
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2.1. Intrahepatic Cholangiocarcinoma

Deep sequencing studies have improved our understanding of the genomic complexity in iCCA
and have identified the main targetable genetic alterations in the form of isocitrate dehydrogenase (IDH)
and FGFR. Interestingly, the predominant genomic alterations in CCA are associated with epigenetic
processes; 10-20% of iCCA tumors present mutations in IDH, with IDHI and IDH2 being the ones of
relevance in cancer, due to their involvement in cell metabolism [34]. Further, Nakamura described for
the first time the FGFR2 fusion genes, exclusively detected in iCCA [8]. FGFR2 rearrangement is the
most common type of FGFR aberration with prevalence 14%-23% and occurring almost invariably
in iCCA [35-37]. BICC1 is the most frequent FGFR2 rearrangement partner (29.7%) [38] whereas,
confirming findings from prior studies of whole-genome and targeted exon sequencing of iCCA [8,39],
FGR2 translocation has been reported as mutually exclusive with IDH1 mutations [35].

Research by Sia and colleagues showed that iCCA tumors can be classified into two groups
(i.e., inflammation and proliferation), with distinct characteristics, activated genes, and clinical
outcome [40]. The inflammation class (38% of iCCAs) presents activated inflammatory signaling
pathways, with overexpression of cytokines, and STAT3 activation. On the other side, the proliferation
class (62%) is characterized by activation of oncogenic signaling pathways (i.e., RAS, MAPK, and MET),
mutations in KRAS and BRAF.

Importantly, it has also been indicated that mutations tend to cluster together and that tumors with
IDH mutations have been found to have specific mnRNA, copy number, and increased methylation of
the ARID1A promoter. In contrast, FGFR2-positive tumors seem to associate with BAP1 mutations [39].
In addition, molecular iCCA findings seem to vary depending on etiology, as demonstrated by a recent
study that highlights a strong genetic heterogeneity between Western and Asian patients [41].

2.2. Extrahepatic Cholangiocarcinoma

Therapeutic approaches for eCCA are limited. The treatment of choice for early stages is surgical
resection, however the risk of recurrence is high and the majority of cases present when the disease is
unresectable. Unfortunately, no molecular targeted therapies have been currently identified [32] and
the current standard of care offers a small benefit [19]. Previous obstacles to performing a molecular
characterization of eCCA included the low number of samples analyzed in international cancer
genome projects and the heterogeneity of the cohorts including a wide range of other subtypes of CCA,
mainly iCCA [8].

Before the consensus in CCA subtype classification was accepted, a small cohort of 40 Caucasian
patients with eCCA was analyzed and a SNP at a position 825 C > T in GNB3 gene was identify
as having a prognostic role [42]. Although of small clinical relevance, this was the first evidence of
genomic heterogeneity in eCCA.

Until now, the main targetable findings of eCCA rely on the HER gene family in 5-9% of cases [43],
also fusion aberrances ATP1B-PRKACA and ATP1B-PRKACB were described to be exclusively present
in eCCA [8]. Recently, a large study using integrative molecular analysis of 189 eCCA found that
KRAS, TP53, ARID1A and SMAD#4 are the most prevalently mutated genes, with near 25% of tumors
displaying at least one actionable genomic alteration (EGFR, ERBB2, BRCA1/2, IDH1/2, CDK4, BRAF,
PIK3CA, MDM?2 and NRAS) [44]. Further, based on the transcriptomic data, the authors identified four
molecular groups (identified as Metabolic, Proliferation, Mesenchymal, and Immune) with distinct
oncogenic signatures and histological subtypes. Importantly this work provides a comprehensive
picture of eCCA as a distinct molecular entity and opens the door for a targeted treatment approach.

2.3. Gallbladder Cancer

Until now, little knowledge has come from Genome Wide Association Studies (GWAS) in GBC.
Indeed, genetic variants associated with increased risk of GBC have been explored using small cohorts
and conclusive determinations of relative risk will require larger studies. Further, most of the available
studies focus on one candidate gene.
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A recent GWAS focusing on gallstone disease, the main risk factor for GBC, with a subgroup
analysis of GBC in the presence of gallstone disease, identified ABCG8 and TRAF3 genes as
significantly associated with gallstone disease and GBC in Latinos [45]. The extensive whole-exome
and transcriptome (RN ASeq) sequencing analysis of 29 GBC in Japanese patients found that 35.8%
of them present mutations in the ERBB family of proteins (including their downstream genes) [8].
Importantly, it might be targeted with novel tyrosine kinase inhibitors and monoclonal antibody
strategies [46,47]. Moreover, a case-control GWAS of GBC and controls of Indian descent showed
significant associations for ABCB1 and ABCB4 genes. Importantly, ABCB1 and ABCB4 genes encode
transporters for phospholipids across the biliary epithelium, which might function to modulate bile
solubility and therefore the propensity for gallstone formation [48].

Finally, the presence of activating mutations in PIK3CA and HER?2 aberrations have also been
identified in GBC, while IDH mutations are absent in this type of cancer [43].

3. Epigenetics

Given the substantial gap between current knowledge on genetic alterations that affect BTC [49],
unfavorable clinical outcomes, and subsets of tumors harboring significantly different transcriptomic
profiles [24], the attention is currently turning on epigenetic alterations that serve as potential
pro-oncogenic lesions leading to disparate patterns of DNA methylation, chromatin remodeling
or aberrant expression of non-coding RNA. Much of this information is deriving from current
investigations on iCCA.

In contrast to canonical oncogene mutations that drive signaling deregulation within a single
pathway, mutant or aberrantly expressed epigenetic regulators generally portend genome-wide
perturbations that result into different transcriptomic patters.

Altered DNA methylation is one of the earliest molecular alterations that characterize tumor
development [50]. In particular, hypermethylation occurring in tumor suppressor promoter is a
key determinant for the transcriptional inactivation of a gene. Irrespective of the intrahepatic or
extrahepatic site, CCA typically exhibit DNA promoter hypermethylation that is reported in at least
85% of CCA cases [51].

Moreover, recent investigations have pointed out recurrent inactivating mutations or deletions
in multiple chromatin-remodeling genes broadly acting as tumor suppressors, such as ARIDIA,
PBRM1 and BAP1 [52]. Nonsynonymous mutations in chromatin remodelers randomly occur
throughout the gene in the absence of a specific hotspot and they are causative of a loss of
function with subsequent malignant transformation. In contrast, the non-random binomial distribution
of hypermethylation patterns suggests the underpinning of specific mechanisms [53] still to be
fully elucidated.

ARID1A, which retains a DNA binding activity, and PBRM1, which binds to histones, belong to
the SWI/SNF chromatin-remodeling complex, whose expression is lost in advanced CCA, but it is still
detectable in pre-malignant lesions. Importantly, SWI/SNF mediates the repositioning of nucleosomes to
allow an efficient DNA repair, while regulating transcription and DNA replication [54]. Since mutations
inducing loss of function in ARID1A and BAP1 may also inhibit double-strand break repair (DSR) [55],
an increased sensitivity to poly ADP ribose polymerase inhibitors (PARPi) has been postulated [56].
A phase II clinical trial testing the PARPi niraparib is underway (NCT03207347) in CCA and solid
tumors carrying mutations of genes that regulate the DSR, including ARID1A and BAP1.

Dysregulated expression of epigenetic regulators and histone post-translational modifications
represent additional mechanisms mediating epigenetic perturbations in CCA.In particular,
recent investigations underscore that the overexpression of EZH2, a histone methyltransferase
associated with transcriptional repression, associates with poor prognosis in both intrahepatic and
extrahepatic CCA [57].

IDH mutations alone have been associated with a hypermethylator phenotype at both the DNA
and histone level [58], with nearly 50% of the hypermethylated genes corresponding to silenced genes
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identified in glioblastomas [59]. Whereas IDHI1 mutations are more frequent than IDH2 mutations [60],
both mutations are mutually exclusive and tend to appear more frequently in recurrent iCCA (Figure 2).
In contrast, they are virtually absent in pCCA and dCCA [61].

The neomorphic IDH enzymes are responsible for the conversion of alpha-ketoglutarate (the end
product of IDH enzymes under normal conditions) to the oncometabolite 2-hydroxyglutarate.
This eventually contributes to the raising levels of histone and DNA methylation through the
inhibition of demethylases and hydroxylases functions [62]. Given the enhanced expression of
epithelial-to-mesenchymal transition (EMT) traits [63] observed in IDH mutant tumors, putative genes
targeted by such genome-wide epigenetic perturbations are felt to play a role in cell differentiation [64].

Differences across Eastern and Western cohorts have been reported in terms of frequency of
IDH mutations [65], suggesting the impact of environmental and etiological factors represented by
prevalence of liver fluke infection and hepatitis. In fact, significant differences between mechanisms
that drive aberrant DNA hypermethylation differentiate liver flukes-related iCCA from other IDH1/2
and BAP1 mutant iCCA [66]. Whereas liver flukes are associated with CpG island hypermethylation,
iCCA carrying IDH1/2 and BAP1 mutations show a prevalent hypermethylation of the CpG shores
(the regions immediately flanking CpG islands), implying that somatic mutations in non-fluke-related
iCCA determine the downstream hypermethylation patterns. Of note, a better prognosis has been
reported for IDH-mutant iCCA when compared to fluke-related iCCA [66].

IDH mutant CCA display significantly decreased chromatin modifier expression, as well as
increased mitochondrial gene expression [64]. Consistently, IDH mutants hypermethylate and silence
the ARID1A promoter [39], which may contribute to an overall lowered chromatin modifier expression.
This is in line with an epigenomic “snowball effect” [54] whose existence has been postulated examining
the sequence that first involves mutant IDH (acting as an oncogene) and downregulated chromatin
modifiers (acting as tumor suppressors) thereafter.

Besides protein coding genes, accumulating data suggest that epigenetic alterations in CCA can be
related to aberrant expression of non-coding RNAs including several families of microRNAs (miRNAs).
miRNAs have been shown to modify the expression of several genes regulating cell proliferation and
migration, EMT and cell invasion [67].

However, independent studies in CCA have reported an altered expression for only few miRNAs.

4. Systemic Treatment for Advanced BTC

4.1. Chemotherapy

Since the 90s chemotherapy demonstrated an improvement in OS and quality of life compared
to best supportive care resulting in an improvement in median OS of 6 vs. 2.5 months (p < 0.01)
for unresectable, metastatic or recurrent BTC [68]. Many agents have been tested either alone or in
combination in different studies. The results were collected in 2007 in a pooled analysis of 104 clinical
trials, including 2810 patients, which showed a better outcome for doublet chemotherapy compared
with monotherapy, particularly for gemcitabine in combination with cisplatin or oxaliplatin [69].
Gemcitabine, platinum compounds and fluoropyrimidines represent the most active agents for the
treatment of advanced BTC [70].

In 2010 the positive results of the ABC-02 randomized phase III study established the doublet
cisplatin and gemcitabine as first-line standard of care for advanced BTC, showing a statistically
significant OS and progression-free survival (PFS) advantage in all the anatomical subgroups with the
doublet regimen over single-agent gemcitabine (OS 11.7 vs. 8.1 months; HR 0.64; 95% CI 0.52-0.80;
p < 0.001—PFS 8.0 vs. 5.0 months; HR 0.63; 95% CI 0.51-0.77; p < 0.001), at the expense of higher rate
of toxic effects, mainly hematological [19]. The results were confirmed in the Japanese randomized
phase II BT-22 study that showed a median OS of 11.2 months for the combination vs. 7.7 months
for gemcitabine monotherapy (HR 0.69; 95% CI 0.42-1.13; p = 0.14) and a PFS of 5.8 vs. 3.7 months
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(HR 0.66; 95% CI 0.41-1.05; p = 0.08) [20]. These data were also confirmed in a meta-analysis of the
two trials [21].

A post-hoc analysis of patient data collected from three first-line trials (namely, ABC-01, ABC-02,
ABC-03) was performed to explore the outcome of patients with iCCA treated with cisplatin and
gemcitabine, showing prolonged OS and PFS compared with patients with non-iCCA (OS 15.4 months,
95% CI 11.1-17.9; PFS 8.4 months, 95% CI 5.9-8.9). Furthermore, a similar trend in OS, even if not
statistically significant, was confirmed for patients with liver-only iCCA (HR 0.65; 95% CI 0.36-1.19;
p = 0.16) [9]. In addition, retrospective data support the combination of cisplatin and gemcitabine also
in fit patients with jaundice related to biliary tract obstruction but not in those with jaundice due to
extensive liver involvement [71]. The replacement of cisplatin by oxaliplatin in the GEMOX regimen
usually represents an alternative as first-line treatment in patient unfit for cisplatin based on the results
of a non-randomized phase II study [72].

In the second-line setting, the phase IIl randomized ABC-06 study demonstrated the advantage of
modified FOLFOX compared to active symptom control, following failure of first-line cisplatin and
gemcitabine [22]. The study showed a significantly improvement of OS (6.2 vs. 5.3 months, HR 0.69;
95% CI10.50-0.97; p = 0.031) regardless of response to prior cisplatin.

A Japanese phase IIl randomized trial (FUGA-BT) explored the combination of gemcitabine plus
S1 versus gemcitabine and cisplatin and demonstrated that the new combination was non-inferior
to the standard of care, with a median OS of 15.1 and 13.4 months, respectively (HR 0.945; 90% CI
0.78-1.15; p = 0.046 for non-inferiority), and a good tolerability profile [73].

To improve the efficacy of systemic treatment, clinical trials adding a third drug to the reference
first-line doublet were conducted. In a phase II trial treatment with nab-paclitaxel plus cisplatin
and gemcitabine showed a median PFS of 11.8 months (95% CI 6.0-15.6) and median OS of 19.2
months (95% CI 13.2-not estimable) with an 84% disease control rate (DCR) [74]. A Japanese phase III
study (KHBO1401-MITSUBA) demonstrated prolonged OS in 246 patients adding S1 to cisplatin and
gemcitabine. This study showed an advantage for the triplet arm with median OS of 13.5 months vs.
12.6 months (HR 0.79; 95% CI 0.60-1.04; p = 0.046), median PFS of 7.4 months vs. 5.5 months (HR 0.75;
95% CI 0.58-0.97; p = 0.0015) and overall response rate (ORR) of 41.5% vs. 15.0%, with similar safety
profile in the two treatment arms [75].

4.2. Targeted Agents

4.2.1. Fibroblast Growth Factor (FGF) Pathway Inhibitors

FGF signaling plays a pivotal role in the development, metabolism, angiogenesis and
embryogenesis [76]. FGFs bind to FGFR, promoting their biological actions. There are 5 types of
FGFRs: FGFR1 to 5, with FGFRS5 lacking the tyrosine kinase domain [77,78]. The binding of the ligand
leads to receptor dimerization, trans-auto-phosphorylation which leads to the activation of various
downstream signaling pathways [79]. Altered FGF signaling is implicated in the progression of a
multitude of malignancies such as breast, pancreatic cancer and melanoma [80]. Aberrant function of
FGFRs has been implicated in resistance to molecularly targeted therapeutics [81].

Pemigatinib is a selective oral inhibitor of FGFR1-3 which showed effectiveness in preclinical
studies [30]. In May 2020 FDA approved pemigatinib for the second-line treatment of metastatic
cholangiocarcinoma patients who harbor FGFR mutations. The approval was based on the results
of FIGHT-202, an open label, multicohort, single arm, phase 2 study in patients with previously
treated metastatic cholangiocarcinoma. There were three cohorts: patients with FGFR2 fusions or
rearrangements (n = 107), patients with other FGF/FGFR alterations (n = 20) and patients with no
FGF/FGER alterations (n = 18). With a median follow up of 17.8 months 38 (36%) patients with FGFR2
fusions or rearrangements had an objective response, complete in 3 of them. The reported DCR was 82%
and restricted to FGFR2 fusion/rearrangement carriers. Median duration of response was 7.5 months.
Most common adverse event (AE) was hyperphosphatemia (60%), were arthralgias (6%) and stomatitis
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(5%). Additionally, serous retinal detachment due to subretinal fluid accumulation occurred in 6 (4%)
of the patients, a finding that mandates careful ophthalmological monitoring in these patients [30].
Based on these promising results, pemigatinib was granted FDA approval and the follow-on FIGHT-302
clinical trial is currently recruiting patients to evaluates he efficacy of pemigatinib in the first line
setting versus chemotherapy [82].

Infigratinib is an oral pan FGFR antagonist [83]. In a single arm phase II trial, 71 pretreated
patients with FGFR?2 fusion received infigratinib with ORR being the primary end point [31,84,85].
ORR was 31% with DCR 84%. Median PFS was 6.8 months. Toxicity profile was similar to pemigatinib
with hyperphosphatemia being the most common AE (72%).

Derazantinib is another oral FGFR inhibitor [86]. In a small phase I/II clinical trial patients with
FGFR2 fusion achieved ORR 21% with DCR 83% [87]. Further, a post hoc analysis of that study reported
DCR 67% in a small subset of 6 patients with FGFR2 amplification or mutations [88], suggesting the
opportunity to explore derazantinib efficacy in other settings besides FGFR2 fusions. Erdafitinib on a
phase II trial achieved ORR of 67% with DCR 100% [89]. Of note erdafitinib has obtained FDA approval
for the treatment of urothelial cancer patients harboring FGFR2/3 alterations [90].

Finally, novel data on irreversible FGFR inhibitors are accumulating [91]. In fact, in patients
progressing after one or more lines of treatment, futibatinib (TAS-120) was recently reported to yield
ORR 37%, DCR 82%, while median PFS was 7.2 months [92]. These findings are summarized in Table 1.

4.2.2. IDH Inhibitors

IDH mutations have been implicated in the pathogenesis of various tumor types [93]. In iCCA
the occurrence of IDH1 mutations is 7-20% and for IDH2 mutations 3% [94].

At present a number of IDH inhibitors are being tested for the treatment of iCCA: Inhibitors
of IDH1 (ivosidenib), IDH2 (AG221), and pan-IDH1/2 (AG881). Results from IDH inhibitors early
clinical trials showed encouraging results. In a phase I dose escalation and expansion study, ivosidenib,
IDH1 inhibitor, was given to 77 patients with previously treated CCA harboring IDHI1 mutations.
Four patients achieved partial response and 40 stable disease [95]. In the subsequent phase III ClarlDHy
trial 185 patients with metastatic IDHI mutated CCA were randomly assigned to ivosidenib or
placebo. Patients randomized on the ivosidenib arm achieved statistically significant better median
PFS (2.7 versus 1.4 months, HR 0.37). OS was 10.8 vs. 9.7 months although crossover was permitted on
progression. Most common AEs were nausea (32.1%), diarrhea (28.8%), and fatigue (23.7%) [29].

4.2.3. BRAF/MEK Inhibitors

The mitogen activated protein kinase (MAPK) signal transduction cascade mediates cell growth
and cellular fate and has altered regulation in a wide range of cancers, most notably melanoma
and colorectal cancer, where BRAF V600E mutations are targeted by mutation specific therapies [96].
BRAF missense mutations have been identified in up to 33% of CCA [97] with the exact frequency
of mutation varying depending on the specific subtype of BTC. More recent studies suggest the true
mutation rate in BTC is closer to 1-5% [98] with iCCA showing the highest rate of BRAF mutation [8].

Combination of a MEK inhibitor (binimetinib) with chemotherapy in a phase I/II trial of untreated
BTC suggested that molecular profiling of patients may be helpful in predicting response to targeted
therapies but showed no improvement in PFS [99]. However, case reports of dramatic responses to
combined BRAF/MEK inhibitors (dabrafenib and trametinib) exist in patients harboring BRAF V600E
mutations [100,101], and a BTC cohort of a phase II basket trial showed that the ORR was 47% (95% CI
31-62%) to combination therapy [102]. This suggests a promising activity in the subset of patients
harboring a BRAF V600E mutation, which requires confirmation in further studies.
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Table 1. Efficacy results of FGFR inhibitors in intrahepatic cholangiocarcinoma harboring FGFR aberrations.

9o0f 17

Parameters Pemigatinib [30] Infigratinib [85] Derazantinib [87] Erdafitinib [89] Futibatinib [92]

Target FGFR 1-3 FGFR 1-3 Pan-FGFR Pan-FGFR Pan-FGEFR (irreversible)

Phase I I /1t I I

Patient population (N) 107 71 29 11 ?Zs(ilc:)gsl:/rReirrangemen ts)
FGFR2 FGEFR fusions; FGFR2 fusions; FGEFR aberrations (7 patients with ~ FGFR2

Baseline characteristics

fusions/rearrangements;
>1 prior systemic therapy

>1 prior systemic therapy
including cisplatin intolerant

>1 prior systemic therapy or not

eligible for standard chemotherapy

FGFR2 fusion); >1 prior systemic
therapy; Asian patients

fusions/rearrangements;
>1 prior systemic therapy

Dose (daily) 13.5mg 125 mg 300 mg 8 mg 20 mg
Regimen Two weeks on, Three weeks on, Continuous dosing Continuous dosing Continuous for

one week off one week off 21-day cycle
Route of administration Oral Oral Oral Oral Oral
ORR (%) 35.5 (95%CI 26.5-45.4) 31 (95% CI 20.5-43.1) 20.7 (NA) 66.7 (NA) * 37.3 (95% CI 27.8-50)
DCR (%) 82.0 (95% CI 74-89) 83.6 (95% CI 72.5-91.5) 82.8 (NA) 100 (NA) * 82.1 (95% CI 70.8-90.4)
Median DoR (months) 7.5 (95% CI 5.7-14.5) 5.4 (95% C1 3.7-7.4) 4.6 (95% CI 2.3-8.9) 3.94 (NA) 6.2 (95% CI 2.0-15.8)
Median PFS (months) 6.9 (95% CI 6.2-9.6) 6.8 (95% CI5.3-7.6) 5.7 (95% C14.0-9.2) 5.59 (95% CI 1.87-NE) 7.2 (95% CI14.9-15.2)
Median OS (months) 21.1 (95% CI 14.8-NE) 12.5 (95% CI 9.9-16.6) Not reached NA NA

Abbreviations: FGFR: Fibroblast growth factor receptor; IQR: Interquartile range; NA: Not available; DoT: Duration of treatment; ORR: Overall response rate; CI: Confidence interval;
DCR: Disease-control rate; DoR: Duration of response; PFS: Progression-free survival; NE: Not estimable; OS: Overall survival. * FGFR2 aberrations.
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4.2.4. HER2 Overexpression

HER?2 overexpression is also a widely targeted somatic aberration in cancers. In breast and stomach
cancer evaluation of HER2 amplification in tumor tissue and subsequent treatment with HER? targeted
therapy is now standard of care [103]. Recent genetic analysis shows that HER2 overexpression is
present in 4-5% of BTC, with the overexpression rate constant over subtypes [8]. Early phase trials
of small number of patients have indicated that pertuzumab plus trastuzumab has activity in HER2
overexpressed and mutated BTC, refractory to chemotherapy [104]. In this study 4/11 patients had
a partial response to dual HER?2 targeted treatment. A case report has also indicated the efficacy of
trastuzumaby/lapatinib as a potential dual anti-HER2 therapy [105]. A trial is ongoing into the efficacy
of trastuzumab in combination with chemotherapy (NCT03613168) with the hope that this will be
an effective new treatment for a number of patients with BTC. In addition, trastuzumab deruxtecan
(DS-8201), which is an antibody-drug conjugate composed of an anti-HER2 antibody and topoisomerase
I inhibitor, has shown efficacy in preclinical studies of HER2 positive BTC xenograft models. This drug
is therefore now being evaluated in a phase II clinical study for BTC [106].

4.2.5. Regorafenib

Regorafenib is an oral multi-kinase inhibitor that predominantly targets the proteins VEGFR
(1-3), PDGFR- and FGFR1 which are involved in tumor angiogenesis and metastasis. Regorafenib is
routinely used in the treatment of gastrointestinal stromal tumor (GIST), and hepatocellular carcinoma,
and also has a role in the treatment of refractory colorectal cancer [107].

A number of phase II studies have demonstrated the efficacy of regorafenib in BTC. This includes
observation of disease response and superior DCR in regorafenib treated patients, refractory to standard
first- or second-line chemotherapy [108,109]. In addition, a recent study of second-line regorafenib
versus placebo has shown a superior PFS of 3 months (95% CI 2.34.9) in the interventional group
versus 1.5 months (95% CI 1.2-2.0) in the placebo group [110]. These studies suggest a role for the
evaluation of regorafenib in phase III studies, and for identification of patients who may benefit
from regorafenib.

The search for biomarkers to predict regorafenib therapy response is still under investigation.
Positivity of iCCA for MALT-1 (Mucosa-associated lymphoid tissue protein 1) has been identified as
one potential prognostic factor for regorafenib [111]. Raised levels of VEGF-D, IL-6 and glycoprotein
130 (GP130) have also been associated with shorter PFS and OS [109] during regorafenib therapy.

4.2.6. Neurotrophic Tyrosine Receptor Kinases (NTRK) Inhibitors

Although in a small percentage of patients (Figure 2), NTRK gene fusions have been associated
with carcinogenesis of iCCA. They primarily potentiate tumorigenesis by autophosphorylation and
activating the downstream MAPK signaling pathway [112].

Importantly, NTRK inhibitors (i.e., entrectinib or larotrectinib), have shown promising results with
response rate > 75% in tumors harboring NTRK gene fusions, regardless of histology [113], and are
currently being evaluated in clinical trials including advanced BTC (NCT02576431, NCT02568267).

5. Conclusions

BTC are a rare and heterogeneous group of cancers arising from the biliary tract. They have
historically been classified as a single disease, but over the past decade, extensive molecular
characterization has shown that various genetic/epigenetic aberrations are associated with specific
subgroups of BTC [23]. It is becoming increasingly clear that these aberrations may be effective
therapeutic target, paving the way to the diffusion of molecularly stratified treatment approaches in
BTC. IDH1/2 mutations and FGFR2 gene fusions are the best characterized targets with phase III and
phase Il evidence, supporting the respective use of IDH- and FGFR-inhibitors in treatment-experienced
patients [15]. While pemigatinib successfully reached approval as the first approved targeted agent for
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BTC, only a small group of patients may benefit from FGFR-directed therapy and identification of
novel therapeutic targets and new active agents and/or combinations is required to broaden the reach
of precision anti-cancer medicine in patients with BTC [15]. A number of factors stand as significant
barriers to the achievement of this goal, including wide heterogeneity of the tumor, the complexity
of the microenvironment, and the development of drug resistance [1]. The results of ongoing trials
are eagerly awaited and will hopefully provide new therapies leading to incremental survival benefit
in patients with advanced disease [33]. Large-scale implementation of routine molecular screening,
although limited by cost-effectiveness and reimbursement considerations, is a highly desirable aim in
BTC in order to enable the selection of patients that could benefit from targeted approaches [1].
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